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A B S T R

An S,S-l miti-echeloni mde-I is used to develop optimal stockage
*policies for a catalog of itE= . Mhe ite~s were the repa-ir- parts of. a

rough texrL-'ý forklift 02 -. ihich a milftary essentiality methodoloa bad
baee tested. Mse model included such factors as hold-ing cost, perform=- ce
o bje-ctive, rdlicary 1-sentizlit7, and trnsortation cost. An onimiatioa
algoxrithm was de-valcped and a cost-raint zanivulatfion techniqrue ezperiinented
with.
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1. R; Mound

The Ar-7y retail logistics system is a dy-amic, diverse, and cc=,le I
system which has direct contact with the Army co-mat units. As such, itsproper fnnctioning has direct bearing cn- the National Defense. In the past,
retail logstis ex-penditure-s haves been waztefdl. Lack Gf under-standing Ofthe system along with the awareness of its ip--Trtance have encourzged over-

spending. A particular area where over-spending often oecurs is in the I
stockage of repair parts for maintenance actions at direct support unIts,
general support units, and field depots. This paper presents a model of the
retail system which enables develJrpment of a =ulti-echelon stockage policy
that tells where and in what quantities parts sbouId be stocked to meet a
given perfor•mance measure. The policies are sub-opti=1! in that a rest!ic-
tion is placed on the form of the policy. Nivertheless, the model provides
insight into ane- understanding of the system and can be used as an aid in

V • developing more realistic stockage potcies.

2. Objectives and S:_ Ze

VThe objectives of the study were -

a. Develop a feasible optizization algorithm suitable for developing
multi-echelon stockcage policies on a large catalog of items.

b. Develop a technique to introduce the system constraints in the
z-odel and determine a method to solve for optimal policies under constraints.

c. Illustrara how military essentiality measures can be used in

stockage decisions. I

d. illustrate how transportation and inventory cost can be jointly
considered in stockage decisiorns.

A multi-echelon model originally developed by IRO for the Brown Board
has been extended to include military essentiality, stockage constraints,
and transportation costs. VTis model is based on a queueing theorem of
Palm which relates the amount of stock at a unit to its average resupply I
time when the demand on that unit is Poisson. Imposing an S, S-1 policy j
on each unit insures Poisson demand at all units. The stockage policies of
the upper levels are related to the supply times of the lower levels and
Palm's Theorem is applied to give the probability distribution of inventory.

A search type algorithm was developed to solve for the single item
optimum stockage policy. It was designed to be fast so as to be feasible
for use on a large catalog of items.

The model was then extended to include the stockage constraints by use
of the Generalized Lagrange Multiplier method. An algorithm was dwveloped
to solve the constraint model.

vA
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3. Conclusions and Findings

I •a. Opminizat-n of the imconstrained model can be accomplished economi-
cally on a digital co-unrer amd the opt.itz policie-I for a large catalog of
items can be found quickly.

b. Op---mizatizn of the constraint =doel, iv ,ststantially more difficult.
Only partial success can be reportead uith t1he altgail= developed during
this study& further work is required before a thorough evaluation of the
algorithm can be made.

c. A logical method of emlpoying military essentia.ity measures in the

model was found. An essen.-ality measure saitabie for use in this model
can be found by relating target availabilities to &;sentiality classes.

d. Transportatioa costs are a substantial p4rrion cf total stockage
costs. Choosing stock levels xad transport mode jointly results in sub-
stantial savings.

4. Future Work

LRO intends to contiritz. r.• esearch into multi.echelon models. Addi-.;.
tional investigation wiu 'bi .4A into solution of the constraint problwn
Neu areas to be investig&&Ltd "=clude batch ordering, i.e., R,Q type policies
and cross levelling between units.

ij

'ri

1_.



CHAPTER I

1.1 Introduction

When providinj, 7:epair parts for maintenance, a logistics system must
procure the parts and distribute them to the user. For the purposes of this
paper it is possible to decompose the logistics system into a wholesale
system and a retail -,ystem on the basis of the function of procurement and
distribution. The 'CP,, are said to make up the wholesale system because
they are the procurnme~ agents. The logistics functions below the NICPs
are designed primarit-y for efficient distribution of the procured parts to
the users. The unit._ which provide these functions are said to compose the
retail logistics system,

Within the past decade or so, the Army has devoted considerable effort
to the study of its wholesale operations. Much has come from the studies and
today the Army is on the way to developing truly integrated Vholesale logis-
tics. There is still much which needs to be done in the study of the re-
tail system. Off hand, it might be expected that the retail system would
have commanded the most study effort, since the Army has more resources in-
vested in the retail system than in the wholesale. In terms of possible
economies, the efficient operation of the retail system is of greater bene-
fit than the efficient operation of the wholesale. However, the same reason
that makes the retail system so important economically, has hindered the
development of integrated retail supply policies; for while the diversity
and complexity of the retail system results in enormous resource expenditures,
it also makes analysis extremely difficult.

This paper represents a model of the retail system which makes it possi-
ble to evaluate the effect of stockage anywhere in the system on supply per-
formance. By limiting the scope of the analysis a tractable model has been
constructed.

1.2 Retail Logistics System

1.2.1 Network Structure

The retail logistics system can conveniently be portrayed as a
network. Fundamentally, a network representation is merely a set of points
called nodes connected by a set of lines called branches. The network shown
below depicts a three echelon system.

Depot

GSU

DSU

Figure 1
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Each node in the network represents a stockage point and the
branches indicate the paths requisitions for parts are permitted to take.
In other words, the branches indicate the relationships between nodes. Thus,
in the network of Figure 1, stockage points in level one may requisition
parts from only a given point in level two, and points in level two can
order only from level three.

While it is possible to conceive of any number of branch-node
interconnections, the Army retail system is portrayed by an arborescent
network such as that in Figure 1. That is, the network has a tree-like
structure in which each point branches into several points in a lower echelon.

The levels of the system can easily be identified by numerical
indexes, but for the purposes of this paper the identification will be
specialized by the use of Army terminology. However, keep in mind that the
use of Army terminology is for the purpose of discussion and the reader
should not lose sight of the generality of the basic model. We will be con-
cerned with a three echelon system. The lowest level shall be called the
direct support level and, of course, will be composed of direct support units.
Direct support units are close to the organizational units ant must be able
to provide responsive replenishment and maintenance support. Furthermore,
fDey are required to be mobile so they can remain in close contact with the
field at all times. Immediately above the direct support level is the gen-
eral support level. General support units provide support of a more complex
nature than direct support, but they are not as responsive and they do not
haveas great a mobility. The highest level in the itructure is the theater
depot. Mobility is not required of the depot but it must perform the most
complex support activities in the theater.

1.2.2 Re uisitioning Procedures

The requisitioning procedures to be discussed ari for routine
requisitions. Accepting Figure I as representative of a typical system, it
can be seen that each unit in a given level has only one unit in the next
higher level to which it goes for re-supply. Thus, if a unit wi'shes to ob-
tain an item, it requisitions that item from its supplier in the next eche-
lon. The item is issued to the requisitioner if it is available. If it is
not available, the requisition is backordered and later filled on a t-irst
come first served basis. For example, when a DSU requires an item it •laces
an order for that item with the GSU supporting it. In the case that the QSU
does not stock the item, a requisition is forwarded to the depot in behalf
of the DSU. Again, the depot may or may not stock the item. If it does
stock, it is sent to the DSU as soon as possible. If if: does not stock the
item, a requisition is forwarded to the rear supply which then fills the
DSU's order.

1.2.3 Re-Supply Times

One of the most important characteristics of the retail system
in so far as stockage is concerned is the re-supply times existing between

2
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the echelons. The re-supply time is composed of a shipping and processing
time and a waiting ti-me for the issueable item. The wait is either zero
or Is some finite time if no parts are available for issue. Clearly, then
the re-supply time that a unit experiences depends upon the availability of
the item at the level above. The re-supply times identified in -table below
are the tines corresponding to the shipping and processing of the order and
do not include the wait portion. Since the processing time a requisition
receives at a unit depezds upon Jether or not the item is stocked at that
unit, the resup ly times must be identified for all possible stockage con-
ditions. Sdsu, Sgsu, and Sdepot stand for the stock level, at DSU's,
-GS.'s, and depots respectively. A * indicates some positive stockage.

Table I

-i Re-supply Times VS Stock Distribution

Sdsu §SgU SdepOt DSU GSU DEPOT

0 0 0 T12341 T2342 T343

* 0 0 T12341 T2342 T343

0 0 T121 T2342 T343

* , 0 T121 T2342 T343

0 0 * T1231 T232 T343

* 0 * T1231 T232 T343

0 * * T121 T232 T343

* * * T121 T232 T343

Here, T., i + 1, ... i + J, i is the time it takes a requisition to pass
from echelonli to echelon i + j while going through all echelons between,
plus the time it takes the item to be shipped from echelon i + j back to i.

The echelons are ;numbered as follows:

1 represents DS level

2 represents GS level
3 represents depot level
4 represents rear supply

Thus, T232 is the time it takes a GSU to obtain au item from the depot
given the depot has stock. f

3



1.2.4 System Constraints

T6 complete the characterization of the retail system, the con-
straints .oii the system affected by -stockage must be identified. Such con-
straints might limit the weight, volume or investment in ete items in the
catalogue. Because DS and GS units are required to be mobile, the con-
straints play an important role in the model.

In summaiy, the retail logistics system may be pictured as an
arborescent network. The construction of the network requires knowledge
of the number and type of different units in the system and the requisition-
ing procedures between echelons. Furthermore, the re-supply times must be
defined and the various stockage constraints identified. This information
is required as input for the model to be described next.

1.3 Multi-Echelon Stockase Model

1.3.1 Assumptions and Simplications

By virtue of its complexity and diversity the Army retail 4

logistics system is difficult to model. Computer simulation models have
been constructed, but their use is limited to evaluation of specific policies.
The development of optimum policies through such simulators is unprofitable
not only because of time and money constraints, but also because of their
inability to develop general policies. If the analyst is willing to limit
the scope of the study, however, it is possible to develop analytic models
with which it is much easier to work. The multi-echelon stockage model is
limited to looking at those factors most strongly connected with -/he stockage
of repair parts. By limiting the factors included in the model and by making
the proper assumptions, a tractable model has been built.

The following factors were felt to be important and were included
in the model:

1. Probabilistic demand - Poisson

2. Re-supply times for each echelon a.• a function of the
system stockage levels.

3. Military essentiality of the part.

4. Lowest authorized echelon of maintenance.

5. Percent of total failures of the part detected at each
echelon.

6. Cost of holding an item in stock.

7. Cost of being backordered.

4
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8. Stockage constraints

9. Transportation costs.

it is assumed that the military essentiality of each part in the
catalog is known. At the present time, the developmen4. of military essential-
ity measures is still ir ifts beginning stages. Thus, the military essential-
ity of parts ia not readily obtainable today. Nevertheless, one of the pri-
mary objectives of this work is to demonstrate the possible use of military
essentiality in stockage decisions. This project was conducted along with
another project which develop )a methodology for determining the military
essentiality of repair parts. The catalog on which the model was tested
therefore had military essentiality measures available.

1.3.2 Cost Eauation and Notat -7n

2For the present, assume it is possible to identify the cost of
one unit backordered for one year. Then, the cotal expected cost per year
of the system is expressed as

(1) TEC(S,-s 2,S 3 ) = C3(S1.N1 + s2 .; + S3.N)

+ CB[E-N,"BDsu(S¶,S2,S 3 ,A3 ) + N 2 Bfj(S 2 ,S 3 ,½)j

+ X3T C

where

CI = cost of holding one item in inventoty for one year

SB = cost of one unit being backordered for one year

SE = parameter measuring the military essentiality of the part

N, = number of DSUs in the system
•:, N2 = number of GSU's in the system

N3 = number of depots in t'Ie system

P2 = % of total demands occurring at GSU which originate at GSTJ

S, = amount of the part stocked at an individual DSU

S2  = amount of the part stocked at each GSU

S3  = amount of the part stocked at each depot

= demand rate per year of the part at a DSU'

5



)2=demanE rate p--- year of the part 2t a GS!J

),5 = de..and rate per year of the 0rt t 2Cthe .epot

levels
B3M(S2 .S2 S.3 ) I= .ec~ted backor.ers a: a GSO as a f-MCUGM Of StoI

levels

T C = cost of tr-agsporting o_ý Im froE rear sqpply to the
r eepoat

Equation (1) expresses the total empected cost ro the sysce' of
stocking S1,S2 ,S3 of the item at the flW's, GSU's, and depots respectively.
The total cost is co=posed of three basic costs: ivenrtory costs, bzakcr&er
costs, Zard trZansortation cost. Of the three, ifveentory cOst and rraSfr*- .a-
tion cost are most easily idematified with "o3az of pockeru costs. Even
though they may be difficulIt to determine- accurately, oce camn be z=-- thst
=uoney is being spent in inventory and forr trn--sporation. 3But such.a is not,
the case with backorder costs. it is difficult to id•e•-tify a cost with
backorders uIzether it be artificial or "out-of-pccket". i n- in-zrriai
situation, a backorder can often be associated uwith lost profit or re-7 e.
But the Arm7 stocks parts to help insure the success of coibat zdissicas zad
a dollar value, as alanalysts will *gree, is difficult to assign to =is-
sion success. An attem.t was -d in this stwuy, ho'wever, to establish a
cost of backorders. Say sn d item is returned to DSU wifth a failed part,
and assume this failure dead"Ines the end iten, the DS will Coen exchange
a good item from his float for the down iten, repair the dor-n item and
finally place it in tbp float to be used later. Whzen the failed part is
not available for the repair action, the end ite= =st sit- 'aiting for the
par-:t (assum~ing no cannibalization). A downa end iftem just 'wiigto be re-
paired is much like a part sitting in inventory waiting to Be used. Te
cost of a backorder was therefore set to an invenry holding cost factar
times the cost of the nd i-tem i.e., a part backorder corresponds .rith a
down ed d it-ma waiting for repair, so assign the backorder a cost of holding
an end iter in "inventory". Notice that the essentiality E is not azpp !ed
to B . •his is because a failure detected at the CSU always results in

tte iten taken out of service.

The average backorder terms in (1) e2press the service the
stockaga is providing. Average backorders as used here measures the ez-
pected number of backorders per year. Therefore, a backorderr -'"hichh lasts
one year receives the same value as two backorders that last 1/2 year, and
so on. it Is logical that the backorder measure reflect both the frequen-cy
and length of backnrders. Certainly two iackorders should receive a p-ealty
greater than one backorder, but also r-wo backorders that last a year should
receive a greacer Denalty than two baclorders w-hich last 6 tenths.

The total cost equation then expresses the trade off between
t:he out of pocket inventory and transportation costs, and the average

6



bzCkard-em P=BMM2Ce Cost.. it is d~esired to fizz ~Ose Stock L-e-res Wýhich
~imimize ¶.inma =rvmnrcal tems the proble~r 1z

S2izze ( 2  3

1-4 C19r=tatinM off Avra~e 34=10rders

!.A-. 7zims v~evrea

so rnx~imindz TMSi 2 S64) ft C~s be PvsSib1e to e.1M
Z~d i~mfir =7' feasible ralcerz of S..,z zm S!2:_ FzeB'er, to cakipr

tbnese Talcs Seze-ral Critical asS'zMO=CioS =St: be Made.. Fftrst it: is 2Ss=Ed
d-sat anl tzir dezecticms cc== MM eil. modher wods, the zmnber

Itot: faiiares detecteZ at the acrgzzfzariECal k'en-iA the airezz saport =itss,

all eMeIS BOU'Alr P_ S,S-1 PdoiCy. VtOMI-C sOU.7 Zapli a~it Crders --

reae~d:ý t ere ie i trcws a Zen=& 7beor off toaftfib a s in sick

Plcysor =arriwPse4 Con a h --!:;mr i- sets an ar Ji eseric- & ysX=3

CCo-_MitS of an infin-ite ==EM= of Parallel servers each with 2a nea szrwz.-ce
time, , PT-e-e of cnstexrers i-- tbee system in Eme steady state is
?O~iSSCM With MC,= ;,T 7-7-1s result is M32~ re~aC6d1e:SS Of tbhe serwice time

N= coMMS14er a sr cka&- coin-rt in the -*70- s -te. COMCE-9ti-11, his
sir~atcais r,;-- San as the ceigsittation eescribed aba~ie. A d-nd

Y ~corresponds to a onsromer arri-wal, ane_ zbe res:==1y time of L..e replenish-
-t oIre-n LoiLesF.Js to the sevc tia SLictl~y spaig Pan~

theoren rec;Lires that the service time of eaz•a cusc Car be iendetof
the otherr custemers! times.. 7hms, if tbhe quetmang a-nalogy is to hold exactly
we =st be willivg to ac-cept the assuiiprion- of lindemen-eant rest.2ply times..

There are two basic objection-s to the ass~mptioa of indemendent
resupply times. For cune, it allows the paossibillifty of cross-ov'er of ordears,
i.e., a recuisition placed 'a'=ter tha another may. actually be satisfied
first.. For anýother, as will be seen later, evir conceptiocn off randon re-
supply times is based on the raneon stock-out periods indujced by rzatdom

* demand. lien the saly lier is in stock3 he responds in a fixed time. Ub~en
he is out of stock there is an additiom-al random waiting tine for his re-
pieanisbment. The resupply times he furnishes are anything but inependeat..
3o'th these prdcbLems ere minim-ized if the item is slow moving. if ift is n-&M
likely that 2 or more demands occur during a stockLour period the second pro-
blem is overcome and if the tine between demmnds is Large enougb, cross

,--rers will not occur.
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quired. First ~b vl rzg bzakmrar LA-e! zt CbEY 6--.= is Croe s~
Pt~nus d~aucem zdC tb- i ~s is to f= =G" amaersgl
Cime. tr bis is fc=3 thz'eae bz~CIC&6- lz-ml is Cni'=Mea for b
=~i's. im simladLr 5al the -mrzaae 5za~=Zes 21t Zbe EWs zre ffc~..

Bh aeag aco'e f a -'4=ct be -fmm 11-- te rx-
pleishn~ ~ isri~ iy tbhe SS-l Policy. We k=' ze i-em-amry

2eavel is I S - T Eh--e Tf 1-- tem C'- o -r cers i= restrgay; 2--' tb
tb __C0-51t thz I ca-- is ebe S~e Z5 dmp PorabziLuty thet T errals

B-T Et tE3is is -#Mt cbhe ?ois obr Iiuty. A-- i -wawry Syýste Is si
CO be b2.kordera6 X C.4tS if its (CtMy lzMei (cC C orde) is eq=1
to -K. 2be e ~ecred Bzckxoeers

rdne p(i) i-s sba pc5itby thatin-etozy is i.. Lm this case

hemre ;:jT) is thie -r-dissm p -bzebIit that omm o.-e~r is j

As zm c: ,le of the cralcuiticom Of 3 DC 2K 3m BS9 consider i
,oA-:=g case.. The L--est: ~em~ of - i--a~ Oo ivniemiZ

organizat"ion. Steckzage is, eaerefo-re, comsidered for P-ll points in the
-- stwp. mie ot mecas-sary, the asoi of r,-sten s.yre-try- is --a-4 to
Siimplif~y rTheckoaos All vnits in any particalar le-wel are assuý
to hav-.e idekntical airrertes and assume-A to follaw the san areer -policy,
oth-er.4se sp-s-rate bzckorzeer calmca2ations vcal=d De required for each stck~-
age Point.. Yhe de-Pot StoCzkS naot S3 and foL10o'S an S:3,S 3 -l pali:cy.
l'urthernore, tbae rear sup-ly point to -.bi--cF the eepot goes for repleaish-
ment accomp~lishes resupply in an avwerage timne ' By Palnt s theorem the

prhailtyof j orders in resupply isV+

P DEP OA 2 34-3) = erp(-)137Tý 3 )-U' 4-

whxere X., -is the demanfR rate at the d-evot

ZNow the GSU' s requisition spares fro:a the depot and they ex-
perience a resupply time fiuich is co~posed of a travel and processing time

'ts v~ for the item at the depot. The travel and processing time is
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2ssane ta n cc--,-- is t~e 7 eEind e=-lezý.. 7b-e V*aItiMZ tine W, is
a xan5Z- V2ri25IPe vicb C2= mrz=&- Z=-rme f rc zero to thEb- ri it
Cilre dme aepot- to Set replmisbe-. Clezrly 72 6epams Cm tha zm~ stccled
by th~e caerot.. I*- Me the aamom stocks tE~e less the cb2e a c~StCaze
will 'gait, =3 tEbe zwerze wmItirg t~me u-'nil decreese S.c~ ase of the

C -a~ gqaef- eqtC, - 1W it iS fa=C tht P-- a'erZge wat W2, is

325

A GS order-ing Fr th daporthm se~s a total zmcmage res=_Viy cima of

72-232 _3---

And if -it is possible, to ccamte thme GS5 resapply tlne, it is possible to
ccacate the probz5blifty fonction- of the ~~rof m.E ozraers in resuzply..

A BSIJ ordering ft-m a GSU can be ~---lyzed in the szn~r ..
7he za==rag replemishm-ren of a SUI is

zatd its aegebackordeers are

3- j -s22Pwi i)'T.
The above analysis is co-ndit"ional upon positive GS1J and depot

stockage. As a further ixnpe of the conputatioais, suppose that the depot
stocks but the CO.P's do not, then the analysis bet-we-en GSU and depot does
not change; how-ever, -&hien a DSU orders from a GSIJ his requisition is passed
on to the devot and the additional w.ait for parts occurs at the depot rather
than the GSLJ. its average resuppply time is, in this case

T3.231 + BDEPfXL3
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20 tL-e g~rlSitratGO~ t!!e d!strr~t~ioM Of G=6= EM reSZ7PIY
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=at Of Trý.x tzBles 2 z-x 3 prese~r a:~ respply times for 2ll sior
policed - w te averag4 rer=7y time bas be= dezerzmised ftln's
thve is e~lzred to fisbi dhe stea2y statee iSwe~ory dsrdc. ythe
=Zt~e Orf tte M!aI~z6:=S# bet~e= ZZL-e1--tS, tbe =21ySiS M~s Start 2t: tbae

6aot = Procee &PZ==rd to t!:e waoUs.. Dsicg the Procea!0re it is passible

1.4.3 ~ rai~Cost

Tbe ranaisit~g te= iz the wtztl cost eq~ticm to ze ewal~cea

Is dtie tr~sporeatie cý,t O mly the rear =Lpply to eepgor trz~sPortation

For nn~b OZf 1'e itaheerSMF~eatS there 1s MO real Choice
Of Z tsprai M06-e, bz~t tilere is ZkW273 th;-- choiCe of Shipjin3 by- air
or by sea frocu the rear sarply to the dtheater depot. Both of these moees
have dhei cr,; distinct: chazrazterstics and Bor rooeixel replenisbnmt acticas
ift is not 4borcs w2Fcbe =*& iiboad be ms-ed. Vie trzasportatiom made shouild
be* selected an the bas-Is ofE gthe andeos cost -- Its- effect an the system's
=inn-rorry znd bac§:o-oer cast.. 7be air rwde, for exam le, -Adll reaomire less

inveroythan- d-e sea made but v.ill cost more to use. it wil~l only be
oRtbii- if it rem-e inventoryy suf~ficientely to compensate for the in-

cre-ased- tramspertation cost.. 7Thts, for earch made the optiamm stock levels
;=-e can=-~ted znd the iwweantazy an-d bzckorder costs for these levels added
to tbe transportatica cost. On tke basis ofc this total cost the optizmo
"transpotation =de and stockagge level are selected.

W~e have shogn. hor it is possible to evaluate the total cost of
stockieag =y~ zmoanrs at the L-,U s acd GSi~s and depots and have indicated

bo t- best stock le-vells and transportation no-dAes are selected. The next
ch-'ter- Oresents the algorid= hm ich finds those stock values which mini-
mize &he total cost.

10
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Table 3

Brop-cted Resuoply Tic~e

loxiest Awmthorized Echelon of Flaintenamce is GSIJ

Sl s s3 T ,T T3

* 0 0 -7234 2 T343

* * 0 T2342 T343

* 0 *T2324-B IEA 3 343

* * *T232+B IEPA 31343
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Th- algorithm to be described presently was used on a catalog of 710
i and produced the stockage levels in a tie of approximately one and
one half =inutes -hen progrzm=ed in Fortran IV on a GE 635 computer. This
z=oants to 0.126 seco-nds on the average per item. Empirical sttdies on the
algorithM indicate that ic wil reach an exact optimum for_ a large class of
items. H~cever, for items characterized by large failure rates the algorithm
smill at w-rst achieve values in the neighborhood of the true cptimum. For-
tunately, these are the items which are insensitive to small changes ]rom
the true optimum and coming close, therefore, results in a negligible loss
in cost. Furthermore, high demand items are rare among typical repair parts.

-hough this algorithm was developed from heuristic arguments which are not
always valid, its perforoance, nevertheless, justifies its acceptance.

Restating the problem mathematically, assuming N3, equal to 1, it is
desired to minimize

TEC(S,.S2 .S3 ) = C( + s _ N_ + S3 )

+ cB[E N BDSU + N2BGSU]

ever the three stock variables S., S., and S. where B and B are of the
S•r ! 3 DSU BGSUform

B (j-s)p(i,AT)

j=s

The transportation cost has been omitted from this equation because it can-
not be controlled by the decision variables S1,S_, and S 3 .

The standard approach to this optimization problem would be to establish
the inequalities which must be satisfied at the optimum by the difference

equation approach. It is not clear, however, that this approach would always
find the true minimum and not just a local minimum. To insure a minimum,
eight inequalities would need to be satisfied, and moreover, no obvious plan
of attack is suggested by this procedure. As it happens, it is easier to
develop an optimization algorithm by taking advance of the "top to bottom"
resupply interactions between echelons.

Notice that stockage quantities at the upper levels affect the stock-
age decision at the lower levels only through the expected resupply times.
This means that if the depot and GSU stockage quantities are fixed, the
DSU's average resupply time remains fixed also. Lpt TEC(S 1 S2 *,S*) be the

12



total expected cost as a function of S, 7hen. an ,
"f, : S a 

,ep c i e . _n 2 and, S,3 are fixed at ,3* respectively. By virtue of the fact that TEC(S e , i cnvex d
minmiztin o "E(SSz,,3* cverS -t EC( I2 ,•.^S Convex,

min other words, din sI r s a simple matter. Convexity or,,in the wodsdiminishing marginal returns of stockageisaexcedbut not necessary property of inventory. Inrt his o ne is an m xnn cei'-
i ndeed can be shlown to old =.... In-this one dimensional cas ....indeec e onto hd. But what about GS and depot stockage? Isthe property of diminishing marginal returns valid for this stockage to&?
First consider GS stockage. Clearly, the returns from 6S stockage depend!

also on the depot and DS stockage decisions. If, as before, the depot stock-age is fixed at S3*, then only the DS stockage policy affects the returnsfrom GS stock. When GS stockage is changed, the DSU average resupply time-4- fis altered. An alert DSU will readjust its stock positibn to itg new re-
supply time. Its reactior& of course, partly determines the returns fb GSJ-; stockago decisions. Thus, to determine the returns 'to GS stockage, a DS
policy must be defined. But since we are concerned with minimizing costs,the most logical DS policy is a Policy which minimizes his cost. This'suggests the following question:

If TEC(S 1/_./Ss.) is the minimum cost of TEC(S S 2,S,*) is TEC(S//S/ )
convey, with respect to S3 ?

To answer this question we must determir the effect of % onB
"and BDSU given that S. equals S3 *. Clearly S. produces diminishing marginalreturns to B but the effect on B (•-1  is not so obvioUS. As . is
changed, the ?sockage Policy at the RU s is reevaluated .to find' a new SI.S is found from the inequalities

. ~ E P(SI+I,U:L) • _<E P(SIUI)

B
where e(s ~u ) =• exp (-u, ) u:, /j

jis

and U, = Xl(T 1+B /X 2 ) is the expected mean. P(S,,-U,) is mere', the
differpnce in BDSU when stocking S or S-1. 

t
Figure 2 presents a plot of B ____

the purposae of discussion, and wRl•SUo sum U1~ for several values of S. Forno loss in generality assume for a value
U1 the optimum stock S1 is 5. As U1 decreases, the optimum level will re-
main at 5 until the difference in B of stocking 4 to stocking 5 is equal
to C I/E-C whereupon the optimum sR9k quantity will become 4. In the same
manner, tRe optimum level. will remain at 4 until the difference in B ofstocking 3 or 4 is again C /E C when it will become 3. A curve can there-

umr B =, it w nil becoe 3.iAfcrvne can therefore be traced out as in Figure 2 which defines the optimum stock values Sfor all values of •UI. Furthermore, from this curve it is possible to con-struct the curve of Figure 3 which plots the DSU expected cost vs U.

13
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At 1-he breakpoints of the c-mve in Figure 2. trhe additional inventcry cost I
just offsets the reduc-tion in backorder co;t. "Far e--le at the- VaU U,
the opti=---= stock laeel echnges frcs. 3 to 4. 1--'ventrry costs rise by _ a-zd
backtorders costs are redecad by C..;. Mius, to construct the exa -e. cG'd Lt
curve eL_--nate the discon-ntiuitiFs by tadkiiv the scotion of the C'-rre for
S1 + I onto the ead of the curve for S* m:d muttipiy the resulting c -rve
by r,. E Z to get t~he proper units.

Now as S2 changes, what we have called V, changas by -- B w.hare
B_ signifies the change in B with ensnge in SP. Thus 2 &hprope~rpty
o~iliminishing =argýiral retur;nolds with respec:- to 'J,.. "-Acrttnately,
it canmnt be concluded with certainty that the DSU opv.zdx costs iisplays
this property. Note th.e scalloped appearance of the curve of Figurer 3.
This was nor drawn by accidant, but will always occur. Uhere chc sectims
are connected, the left hand section will have a slope greater than the
right hand section. Because of this scalloped natulre, it is not Inconceiv-able that DS11 optlmum cost uni'l! not display the property of d-lmizishintg

marginal returns. Nevertheless, from purely heuristic cousiderati-ns, it
is possible to argue that this property will be ebserved. U. as was noted,
is strictly convex with respect to S2 . It is, therefore, possible that con-
vexity will be imposed on DSU optimum cost by the convexity of U1 . It is
not only possible, but, in fact, has been verified empirically, for a large
class of items.

Working on the assumption then that TEC(S,/SJ/S.*) is convex over S.,
it is easy to find

MIN TEC(SI/S 2 /S 3*)
S2

Similarly, the same convex property is des1red of S3 . As before, a GS
policy and a DS policy must be defined. First the GSU reacts to the change
in S3 and then the DSU reacts to the GSU's change in an optimal way. The
GSU's optimal policy includes his effect on the DSU's. Thus we ask: "is

TEC(S 1 , S2 ,S3 ) = M4IN TEC(S /S2 /S3 )

S2

convex with respect to S3 ?"

Again as before we are led to conclude that it is in most cases but is
not a certainty.

From these considerations, an optimization algorithm was developed.
In essence the algorithm does the following. Depot stock, S3, is initialized
at zero. The values of S. and S. which give the minimum cost for fixed S.,

16
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are A. is e ckrers Loes -ot , the pro e ery m* f rbe-
-al-ei offc S S-, a alsoh give toe n c o est at zhze tirz e i o areclared

-ca-se the insenaticv fto t.lon of the isro the i o entimy

f e r- so- thrm e as testea priar to prdu usee to se bG-w we!e- s heA ca arcs=d of the : results was ==-?- h ia ,es rE.. zthex agorithr -ays
2:-VZY,:4 With =De C! .e ie resultS Off

-is test. indicated Chen t algoritth womued zcudede stsf trectry.t for All
bu hghded tes TZ is =-o- difficukj- to .zC end the algor-h

d•st not pite ithale opti fWergo earlier that

ing -arnaxz - retaerus. Thus, a convex: behavior unmiud not necessarily be
_ expected. 'Fortunately, the s=-: factors wlkicb prevent a true- c t fE=

being achieved a.-,- also the factors ubich redeemi the algorritbm. The high
d-mand itc,-s are insensitive to suall. changes from the optir-=. To be
successful, thnerefore, the algorithm~ need only produce stock- 1evels in the
neighborhood C7 the optiraan And in the test rans the algoritim always

cane within one of the true opt!== levels._j

Overall then the algorithm must be Judged satisfactory. It is very

fast, but despiite its speed is able to produce optimum or nearly optim-umaDA- s tockage 'Levels.

y1 i
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ee e w dz:be t! . -LUc ,=:f= a•s .- Zc o c •m = tf -

en 1es.3=-e ae 2-e -m-ttrzimts Cm sT7C~k;e'

CBSm lc=tei gai(pie,~lz-- =T--, Wa&C etc-) SBL%.'R be ce
Co aate~izma ee best se!ectico o:- uf Storkee lemeis 5:~r the ematirc

t. e c Strie tae, be . a=es %Sch Prowme ti.ebes a - f=Z=0_ t~ be szl~te~ wten~az cuesmi'4e-ration of the -item~ c-araa-

!be cyn-st-raftd !ro -q~ is or ateu as foakr._s: sagpose rleref
are_ N ite=5r to be cvnaldfred for stcckage in the system TBC_ (S-1 ;3) -:-

Further suopose that there are M constraints on stockage of the form

G. (S) •b. = 1,2,....-H

The optimum stockage levels are found be solving the mathematical
problem

M?.4 TEC (-s)

subject to G.(S) : b.J J

This multi-item formulation does not consider many of the interactions
between items. In particular, no attention is given to joint ordering
policies; each item is still managed indepeudently, Rather only an attempt
is made to insure thaz the stocking point will not violate any cf several
constraints on its total repeir part stockage. This is important because
it means that the form of the policy is still the same as that of the single
item case. Each point stocks some amount and orders whenever it gets a
demand. Furthermore, because each itent is managed independently, the
possibility of decomposing the N item problem into N single item problems
similar to the one discussed in the previous two chapters might be feasible.
In fact, unless this can be done, optimization is virtually impossible since

18
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tamely,~~~ (S)~e ~ ~~~ -()o

~S iX~5t~ ~S~1T.. e a i tc

Fo~irs r l a -z -a:! bf t:-e rwefi t, o'r pnce of i rtem i ..(sC

Teou eb ~ pe oi b-e the

30.1.2 1Lai! arnge Mzzltiglier For.-ataion

The m~ethod used to solve tie constrained probler. was the =-ethod of
geaeralized Lagrange miltiplier (GL-). With this rme&h-xl a Laga wc

tion is fonred as

LQ3,j TEC( ~ L2GI~(D) b

j.1l

and1 the following problem is solved

MIN L(SX'
0'

where X0 represents a known vector of Lagrange multipliers. Let the solution
for a particular set of X's be S*(X ) Then S*(X simultaneously solves the
problem0

MIN ThC(S)

suaiect to G (S) - S(

11



if a c=n be 4-== S~f3tat C..(S*(x, ) 6. be- arigiml cacrziriea

0 .. 1 -0- -3

i:-I

Znd 4;(S)

IM 3

i=Z J-1 k--1

j=1

and the minimization can be acc - lished 3
-N

S~~L. IM. iS,. - ji ik
lS2-'3i j=l k--

for each J- In that case, only three variables need be found for each.
minimization.

3.2.1 A Proposed-Soluition, Technigue

Notice that for any particular set of X's,
N 3

X3 joji Sik
j=l k~l

appears as an additional holding cost. Effectively then, the above is
identical with the single item problem whose solution was presented in
Chapter 2. In other words, the algorithm already developed for the single
item problem can also be used for the multi-item problem for any particular
set of mu~ltipliers. The primary burden of the multi-item solution scheme
then is to determine the multipliers X 0 which yield G.i(S*(Xo )) =bi..A

If the functional relationship were known between S* and the X, there
would be little difficulty in determining ' But because this relationship
is not known, it is no simple matter to fin21 even when the number of con-
straints is small.

20
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cmsider the Basifc prbbln. A se:: of amzl-ripliers is desired iihich
Fro ce a specified resalt. The =athematical relatios•ip beeween the I
=6d thiri resultinz octcome czawt be expressed lifterallay. gewertheless,
the catcame can be mesasred for 2=y particular v~luec Of V-- vi c~r E 7er
solatio-. Mis ardclean is in the class of prble•ms wh-ic are nor"1lly solved
with searcr tecbýyises.

in essence, search teckues ar-e pririly sequential techniqaes ihich
Sselect a n_-. point to search on the basis of &-- results from the previous

points searched. Bur the difficulties of such a sche=e when applied to this
orw-len are many. in the first place, to measure the relationship betvea-
a particular set of = _itipliers and tb, amounts of resoures used requires
a complete op-timization over the entire catalog. This is not bad ho-ever,
unless the number of optimizations required to find the A is great. 11hen
there is only one constraint and, of cc~urse, only one multiplier, it is not
difficult to converge to X . With more than one constraint convergence be-
come slower aid slower. land has developed a linear programaing procedure[• to find A with which they have had considerable success. They have applied
the procaure to similar problems achieving a solution in an acceptable amount
of tine. There is little doubt that Rand's procedure would be applicable to
this problem too. 'Nevertheless, we wished to try a scheme of our owm, con-
ceived after a visit with Dr. George Pugh of the Lambda Corporation.*

Dr. Pugh devised a procedure based on statistical estimation from cal-
culations on random samples from the population. When the elements of the
population are large in number and have varying characteristics such that a
few ele-ents do not dominate the solution then Dr. Pugh's scheme can be used.
Since our item catalog met these conditions, we decided to devise a procedure
using the idea of random sampling.

At the present time, the procedure has not been sufficiently debugged
to permit complete evaluation. It is felt, however, that the basics of the
procedure are sound and that they are worthwhile reporting.

3.2.2 Multi-Item Constraint Algorithm

To begin, the items in the catalog are arranged randomly on a circular
I'" file. A guess is made of the A value to determine a starting point (X=o

is a good starting point since it points jut immediately the probable non-
binding constraints). With this value of X the optimization algorithm is
run on the first R items, and the amount of resources consumed by these R
items is recorded. (R is selected by the analyst). This of course provides
an estimate of the resource usage rate for this &. If these usage rates
appear "correct", i.e., the rate is within some given percent at the desired
rate, the j is used for computations on the entire catalog. When this

*We are indebted to Dr. Pugh for his ideas on this approach and extend our
appreciation to him.
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does nor procuce satisfactry resource consixm=too, the algorithM
is D rag_ using •he crrent 2. as the base point on a different saode
set.

.Lss-c• th~e first )_. cho~sen does not produce correct r-esource coasm--
t-icm es.tiaes. Mirns, w-e rea to choose another =u!•;_plier usi..n the ia.for-
cation g•nze to =d.e toaa-•d thbe correct 31 . -Lne =ehanis= enployed t'o pro-
duce n~o-•.emt :i 2 gradient search techm-e, ,used wifth a .pseudo-ftactiva

1;:ch relates th=e de-•gree to 1licb the current estimates of resource ezpendi-
ture meet the -des-ired rates.

The precise form of the pseudo-function is not critical and should
really be detem-.ined with regard to the problem being solved. Thete are,horwever, some pr operties tie pseudo-function should have. Along a live in
the X spare,, thepseudo-funct-ion should be unimoda! to allow• a search along
the line. Secondly, a unique value of the psedo-function should corres-
pond to the precise satisfaction of all the constraints. Finally, the
pseudo-function should be able to detect even the smallest changes in bhe
resource usage rate estimate. The pseudo-function we used was

P Vj. fb.E - b,

j=l

where b.E is the current estimate of the resource consumption and W. is a
weightiAg factor reflectirg the relative important of satisfying coAstraint j.

Given a base point value of I and a sample of items, the gradient of
the pseudo-function is estimated by individually perturbing the j and measuring
the change in thepseudo-function. If A3 F/AX is the ratio of the change in the
pseudo-function due to a change in X. then tie gradient is estimated as

V FE (LF ALF X
AX1  AX2 ' XF

The objective we had was to minimize the pseudo-function. Thus, a
search is made along the negative gradient for the minimum value of the pseudo-
function. When this point is found it becomes the new base point, a new sam-
ple of items is selected and the procedure continues. When the pseudo-function
is acceptable the current value of X is tested on the entire catr.log of items.
Note that for every base point, a new sample of items is selected from the
circular file. They are picked up in sequence as they occur on the file.
Every time the sample changes, so do the statistical properties of the sample.
Whatever a particular I meant to the previous sample in terms of resource
consumption, it surely will not mean the same thing to the new sample because
of the difference in item characteristics; but certainly the old estimates
carry information and should not be thrown away.

22



I

C rasider the method of est-_-ating by expoaentiaL smoothing. Tis pro-

cedure is used to esti• te the paraeer in a process of the form.

tN ¥t = At + E_

twhere Et is a random factor.

Te parameter At changes with t. In this problem A is a resource con-
st tien rate and E Is the random element due to sample characteristics.
The index "t" identifies the particular sam-'le and the =ultiplier values used
on3 •-t. Exponential s-oothing is a heuristic technicue for estimating At using
the eauation 

.

A t ) + (l-cvy)A -

for

"a" is called the smoothing constant and is the factor which determines
the relative importance assigned to the new and old observations in the cur-
rent estimate. Exponential smoothing is an appealing technique for it allows
"information from past samples to play a part in the current decision. Some
of the variability of a single sample has been eliminated with no penalty
in computation time.

The estimates b.E which are used by the pseudo-function are exponential
smoothing estbiates. 3Depending on the choice of smoothing constant the
sensitivity of the pseudo-function to the results of a single sample can be
varied. Convergence to the correct multipliers thus depends strongly on the
smoothing constant.

Cu:rently, it is not possible to report complete satisfaction with the
constraint technique. Some study has been done in an attempt to determine the
optimum sample size and the most suitable smoothing constant. While work on
the subject is still in progress, the work already done has been encouraging. ,
The basic methodology appears to be sound. Most of the faults seem to occur
because of over-progranmming in an attempt to insure convergence. Much of the
sensitivity has been destroyed by these attempts and, as a result, movement
of the .._ltipliers is too slow. The difficulties encountered however do not
seem insurmountable and we hope to continue our research in the area.
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CEMPTER. IV

4.1 General

la conjunction with another study done by this office entitled '"ilitary
Essentiality Coding", the multi-item model -eas tested on a catalog of 710 partv:
of a Baker model Rough Terrain Forklift. The essentiality project developed
the military essentiality ranking for the repair parts of the forklift. Of
all these parts, there were 710 on which the demand and physical characteris-
tics (weight, volume, price) could be obtained. With these items composing
the catalog, the multi-echelon model was applied to 4 retail logistics
systems. Two of the systems were constructed to correspond as closely as
possible to the European theater. They differed only by the transportation
mode employed; one used the sea mode, the other air. Similarly there were
sea and air models of the Vietnam theater.

The purpose of the test was -

I. Evaluate the effect of transportation mode on optimum inventory
costs and thereby determine the optimum transportation mode.

2. Demonstrate how military essentiality measures can be used in
stockage decisions.

3. It must be noted that the overriding goal of this study was
not directed toward implementation of any new procedures. Rather, it was
a continuation of research in multi-echelon modeling begun by the IRO. The
primary goal of developing feasible computation schemes for the multi-echelon
model has already been discussed in the previous chapters. Were it not for
the military essentiality project the study would have ended here. An in-
terest developed in the ways the military essentiality rankings could be
used for stockage decisions. Therefore, an attempt was made to use these
rankings with the multi-echelon model. Moreover, at the same time, an in-
terest also developed for ways to select the best transport mode for an
item. As a result a transportation cost algorithm was obtained from Research
Analysis Corporation and the multi-echelon model was used on two transport
modes, sea and air.

The results presented shortly are those which proved to be the most

interesting derived from the test.

4.2 Catalog Characteri3tics

As mentioned previously, data was obtained on 710 items oE the rough
terrain forklift. Before presenting results, it will be of ve.lue to give a
characterization t,. the catalog. Table 5 presents a frequency count of
the items by price and table 6 by demand. Demand is the total number of
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demands for the item during a one year jeriod obtained from TAERS and Redball
data.

TABLE 5

No. Items VS Price

Price 9 0-5 5-10 10-15 15-20 20-25 25-30 30-35 35-40 40-45 45-50 > 50

No. Items 547 48 41 33 15 7 5 1 2 2 9

t TABLE 6

No. Items VS Demand

Demand 0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90 90-100 >100

No. Items 543 25 28 22 18 4 3 3 7 4 53

Tables 7 and 8 further characterize the items by dollar value of demand
per year and military essentiality for Germany and Vietnam. Here military
essentiality class I is the least essential and 4 the most essential. The
dollar value classes are:

-I Dollar Value < 25

II 25 < Dollar Value < 250

III Dollar Value > 250

TABLE 7

Catalog CharacteristicsI_ Germany

DV/MEC 1 2 3 4 Totals

I 14 16 169 405 604

II 6 0 10 69 85

III 0 0 2 19 21

TOTALS 20 16 181 493 710
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TABLE 8

Vietnam

DV/MEC 1 2 3 4 Totals

1 14 15 169 393 591

Ii - 6 1 8 75 90

III 0 0 4 25 29

TOTA!, 20 16 181 493 710

4.3 Optimum Policy Characteristics

The following tables (9,10,11,12) summarize the results of the tests by
"dollar value of demand, military essentiality, abd stockage policy. Tnhe
triplet SI S, 3 is used to represent the optimum stock at DSU, GSU, and
depot respeciively, and * is used to designate some positive stock. The
stockage policies have been classified as follows:

Policy Class

0,0,0 I

• ,0,0III

• ,eOIV

• ,0,*VI

0,*,*VII

• ,*,*VIII

Notice that no items prefer policies II or VI. Whenever stock is placed
at the DSU level, it is always supported by GSU stockage and a good portion
of the time by depot sto'2kage. This seems to verify the policy in use today
that stockage at a level be supported by stockage at the next higher level.
The same verification is not evident of GSU support stockage. Around 50%
of the items with GSU stockage are not backed up by depot stockage.

-• The results in the table show nothing unexpected. For example, in
Sgoing from the sea mode to the air mode there is a definite shift away fr mn
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Genn Sea

Po��- Class

FSV C i II Iii IV V VI VII 11ii Total I

i 1 0 0 5 0 3 0 6 0 14
S2 0 0 10 c; 0 0 2 4 16

3 0 0 53 28 3 0 13 72 169

4 0 0 76 109- 73 0 41 106 405

TOTAL 0 0 144 137 79 0 62 182 604

""I 1 0 0 0 0 0 0 6 0 6

2 0 0 0 0 0 0 0 0 0

3 0 0 1 0 0 0 2 7 10

"" "4 0 0 0 1 0 0 10 58 69

TOTAL 0 0 1 1 0 , 18 65 85

1 0 0 0 9 0 0 0 0 0

EPP 2 0 0 0 0 0 0 0 0 0

3 0 0 0 0 0 0 0 2 2

"4 0 0 1 0 0 0 3 15 19

-TOTAL 0 0 1 0 0 0 3 17 21
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I ~TABME. 10,

Vietnam Sea,

I Policy Class
DV MEC I 11 111 IV V VI VII VIII TOTAL

"I 1 0 0 4 0 4 0 0 0 14

2 0 0 10 0 0 --.0 3 2 15

3 0 G 66 6 4 0 17 76 169

4 0 0 85 87 83 0 38 100 393_

TOTAL 0 0 165 93 91 0 64 178 591

II 1 0 0 0 0 0 0 6 0 6

2 o 0 0 0 0 0 1 0 1

3 0 0 0 0 0 0 2 6 8

4 0 0 0 0, 0 0 15 60 75

J TOTAL 0 0 0 0 0 0 24 66 90

I I 1 0 0 0 0 0 0 0 0 0

2 0 0 0 0 0 0 0 0 0

3 0 0 0 0 1 0 0 3 4

4 0 0 1 0 0 0 3 21 25

TOTAL 0 0 1 0 1 0 3 24 29
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33 3. 0

2 0 - 0 313 0 3 0 16

TOTAL E 0 8 228 8;:3 0 61

2 0 0 0 0 0 0 0 0 0

3 0 0 1 0 0 1. 10

4 0 0 3 14 0 0 7 45 69

<FTOTAL 0 0 4 14 1 0 14 52 8

II 111 0 0 0 0 0 0 0 0 0

2 0 0 0 0 0 0 0 0 0

TOTAL 0 0 1 0 0 0 3 17 2
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-I •8TALE .12. -

Vietnam Air

Policy Claspj

DV MEC I H iIll IV V VI Vi ii TO!TAL

1* ' 0 40 14
I~ I, 0, ° ° o, o

2 0 0 12 0 1 0 0 2 15

3 a 0 72 46 14 0 1 36 169

S2 0 104 131 92 0 8 56 393

TOTAL 3 0 194 177 110 0 13 94 591

II 1 0 0 0 0 0 0 6 0 6

2 0 0 0 0 0 0 1 0 1

3 0 0 1 0 0 0 1 6 8

4 0 0 3 9 0 0 12 51 75

TOTAL 0 0 4 9 0 0 20 57 90

IYi i 0 0 0 0 0 0 0 0 0

2 0 0 0 0 0 0 0 0 0

3 0 0 0 0 1 0 0 3 4

4 0 0 1 0 0 0 3 21 25

TOTAL 0 0 1 0 1 0 3 24 29
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T-4BLI E I1L3.

IP Percent of Demands Detectiekd at GSU 0

- Germany Sea

DV NIEC I I! III IV V VI VII VIII Total

1 1 7 0 0 0 3 0 4 0 14

2 0 3 4 i 6 0 1 1 16 --

3 0 66 17 27 19 15 12 13 169

r 4 0 99 50 57 73 43 41- 39 402

MTTAL 7 168 71 85 101 58 58 53 601

IT 1 2 0 0 0 1 0 2 1 6

2 0 0 0 0 0 0 0 0 0

3 0 0 0 1 1 0 2 6 10

4 0 0 0 23 0 1 10 36 70

TOTAL 2 0 0 24 2 1 14 43 86

!II 1 0 00 0 0 0 0 0 0

S2 0 0 0 G 0 0 0 0 0

3 0 0 0 0 0 0 0 2 2V 4 1 0 0 2 0 0 3 15 21

j GTAL 1 0 0 2 0 0 3 17 23

3
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TABLE 14

Percent of Demands Detbcted a-t GSU =_0

Vietnam Sea-

DV MEC I II III IV V VI VII VIII Total

I 1 6 0 0 0 4 0 4 0 14

2 0 2 1 1 10 1 0 0 15

3 0 70 19 19 27 7 12 14 168

4 0 143 47 37 91 6 37 28 389

TOTAL 6 215 67 57 132 14 53 42 586

II 1 1 0 0 1 2 0 2 0 6

2 0 0 0 0 0 0 1 0 1

3 0 0 0 3 0 0 2 4 9

4 0 0 0 18 0 5 14 39 76

TOTAL 1 0 0 22 2 5 19 43 92

III 1 0 0 0 0 0 0 0 0 0

2 0 0 0 0 0 0 0 0 0

3 0 0 0 1 1 0 0 2 4

4 1 0 0 6 0 0 3 18 28

TOTAL 1 0 0 7 1 0 3 20 32
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TABLE 15

Percent of Demands Detected at GSU = 0

Germany Air

DV MEC I Ii I11 IV V VI VII VIII TOTAL

I 1 10 1 3 0 0 0 0 0 14

2 2 4 5 1 4 0 0 0 16

3 0 85 29 23 19 12 0 1 169

4 2 168 80 51 73 10 9 9 402

TOTAL 14 258 117 75 96 22 9 10 601

77-

II 1 3 0 0 0 2 1 0 0 6

2 0 0 0 0 0 0 0 0 0

3 0 0 1 1 1 1 1 5 10

4 0 2 3 33 0 6 7 19 70

TOTAL 3 2 4 34 3 8 8 24 86

III 1 0 0 0 0 0 0 0 0 0

2 0 0 0 0 0 0 0 0 0

3 0 0 0 0 0 0 0 2 2

4 1 0 0 7 0 0 3 10 21

TOTAL 1 0 0 7 0 0 3 12 23

x3
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TABLE 16

Percent of Demands Detected at GSU 0

Vietnam-Air

biv MEC I II III IV V VI VII VIII TOTAL

I 1 9 0 1 0 4 0 0 0 14

2 2 3 1 0 1 1 0 0 15

3 0 77 24 11 33 19 1 3 168

4 2 151 73 39 92 19 8 5 389

TOTAL 13 231 99 50 137 39 9 8 586

II 1 3 0 0 0 2 0 1 0 6

2 0 0 0 0 1 0 0 0 1

3 0 0 0 3 1 1 1 3 9

4 0 5 2 21 0, 12 12 24. 76

TOTAL 3 5 2 24 4 13 14 27 92

1111 0 0 0 0 0 0 0 0 0

2 0 0 0 0 0 0 0 0 0

3 0 0 0 2 1 0 0 1 4

4 0 0 0 9 0 3 3 13 28

TOTAL 0 0 0 11 1 3 3 14 32
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TABLE 17[<
Percent of Demands Detected at GSU = 0

-! Germany - Optimal Mix

DV MEC I II III IV V VI VII VIII TOTAL

__ I 1 10 0 2 0 0 0 2 0 14

2 2 4 5 0 4 0 0 1 16

3 0 85 28 20 19 9 1 7 169

4 2 166 75 37 73 7 14 28 402

- TOTAL 14 255 110 57 96 16 17 36 601

II 1 2 0 0 0 k 0 2 1 6

- 2 0 0 0 0 0 0 0 0 0

3 0 0 1 1 1 1 1 5 10

4 0 2 2 27 0 4 8 27 70

- TOTAL 2 2 3 28 2 5 11 33 86

1.T1 0 0 0 0 0 0 0 0 0

1 2 0 0 0 0 0 0 0 0 0

3 0 0 0 0 0 0 0 2 2

4 1 0 0 4 0 0 3 13 21

TOTAL 1 0 0 4 0 0 3 15 23
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TABLE 1-7-4

Percent of Demands Detected at GSU 0

Germany - Optimal -Sea

DV NEC I II III IV V VI VII VIII TOTAL

I 1 2 0 0 0 0 0 2 0 4

2 0 0 3 0 0 0 0 1 4

3 0 9 6 8 0 0 1 6 30

4 0 16 0 17 4 0 10 24 71

TOTAL 2 15 19 25 4 0 13 31 109

II 1 0 0 1 0 2 1 5

2 0 0 0 0 0 0 0 0

3 0 0 0 0 0 0 0 4 4

4 0 0 0 13 0 0 6 21 40

TOTAL 1 0 0 13 1 0 8 26 49

III 1 0 0 0 0 0 0 0 0 0

2 0 0 0 0 0 0 0 0 0

3 0 0 0 0 0 0 0 2 2

4 1 0 0 2 0 0 2 13 18

TOTAL 1 0 0 2 0 0 2 15 20
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TABLE.'18

Percent of Demands- Detected. at GSU 21 0"

Vietnam - Optimal Mix

DVr EEC I II III IV V VI VII VIII TOTAL,

I 1 9 0 0 0 3 0 2 0 14

S2 3 1 1 8 0 0 0 15

3 0 75 29 10 27 15 2 10 168

4 1 150 70 32 91 II 13 21 389

TOTAL 12 228 100 43 129 26 17 31 586

II 1 2 0 0 1 1 0 2 0 6

2 0 0 0 0 0 0 1 0 1

3 0 0 0 2 1 1 1 4 9

4 0 5 2 14 0 8 12 35 76

TOTAL 2 5 2 17 2 9 16 39 92

III 1 0 0 0 0 0 0 0 0 0

2 0 0 0 0 0 ') 0 0 0

3 0 0 0 1 1 0 0 9 4

4 0 0 0 6 0 2 3 17 28

TOTAL 0 0 0 7 1 2 3 19 32
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TABLE 18-A

Percent of Demands Detected atd GSU-= 0

Vietnam -i-Optina!. Sea

DV MEC I II III IV V VI VII VII IIO"AL

I 1 2 0 0 0 1 0 2 0 5 1
2 0 2 1 1 0 0 0 0 4

3 0 68 19 6 3 2 1 8 107

4 0 138 27- 22 13 0 10 20 230

TOTAL 2 208 47 29 17 2 13 28 346

II 1 1 0 0 1 1 0 2 0 5

2 0 0 0 0 0 0 1 0

3 0 0 0 1 0 0 0 4 5

4 0 0 0 10 0 0 9 29 48

TOTAL 1 0 0 12 1 0 12 33 59

III i 0 0 0 0 0 0 0 0 0

2 0 0 0 0 0 0 0 0 0

3 0 0 0 1 0 0 0 23

4 0 0 0 4 0 0 2 15 21

TOTAL 0 0 0 5 0 0 2 17 24
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depot stockage. The data- indicates that ,* policies .go. to-*,*,0 policies
and O,*2* go to 0,-!-,*. There are some exceptions., of-course, 'but these are

L-.Also a stroug relationship exists between -the -results for the -theaters
wit the. trnpr-n~.DptsolaefrVenmi oepeeal

due to the greater utmfher of units the depot supports.

T1he support stockage noted i~n the above paragraph was bJothersome. We
felt the zeason for stock held at the GSU w.hen also held at the DSU might
result only because den-ands were' generated at the GOU as well as the DSU.
TTherefore,, the -runs were repeated with no demands generated at the GSU.

Tables 13, 14, 15,' 16 indicate the results of these runs. No longer is GSO
backup, stock required.

17 Also for this run similar tables 17 and 18 are shown for the optimal
mix of policies. A further breakdown, is shown in tables 117-A and 18-A.
These. tables show the sea mode policies extracted from the optimal mix. Note

orGermany the relationaship between the dollar value and preferred mode. The
higher the dollar value the more sea mode is preferred. For Vietnam the same
relationship is there and also the sea mode is preferred more often- than the
air mode.

This pattern is expected since the intra-th~eatre shipping times used
are the same for each mode. The shipping t-imes used from CONUS to theater
depot are shown; in the following table. These times were obtained from RAC.

-z TABLE. 19-A

Iteater Mode Time Days

Germany Sea 40j

Germany Air 9

Vietnam Sea 49I

Vietnam Air 9

4.4 Transvort Mode

Nrormally the transport decision and the stockage decision are made
sequentially. Once a Particular transport r-ode is selected, the required
stock-age for rhat --ode is Cetermined. But a tradeoff exists between trans-
portation cost and inve~ntory cost. Yyrpically, inventory models require as
input the resupply time along with the item character-istics to develop stock-
age Policies. The tzansw.;rt zode,, of course, determines -W at the resupply
time will bi- . Since the ntm~ber of feasible transport modes from the supplier
to the stockage point is usually s-mall, it is a simple matter to apply thie
inventory =model to eahtransport mode zed =ake a total cost comparison of
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- IThis is precisely what was done u31u.ig -te ieulti-eci•elon' model arfd -RAC's

transportation cost algrithu. Tab'le 20 presents a summary of the results
concerning -the transport mod-s. The costs 'presented are 'for the enti-re 710
item catalog and are in a per year basis.

TAB, 20

TRANSPORTATION COST VS TOTAL COST

Total Cost Tran Cost Trans-% of Total

Germany Sea $ 20317 5613 27.6 I
Germany Air 22229 11636 52.3

Vietnam Sea 38163 9959 26.1

Vietnam Air 53011 33177 62.6

Transportation costs are a sizeable proportion of the total costs in
all 4 caseL. The air mode being more expensive results in a higher per-
centage of total cost than does the sea mode. However, the reduction in in-
ventory required under the air mode is not sufficient to overcome the in-
creased transport cost. On a dollar basis, the sea mode is preferred for
both the German and Vietnam theaters. Use of the sea mode results in a sav-
ings of about $2000 per year in Germany and $15000 per year in Vietnam.

Table 21 presents an interesting result concerning the optimal mixing
of transport modes by item. 'hese results are for percent c-E failures de-
tected at GSU * 0. Of the 710 items, only 190 (269) preferred the Germany
(Vietnam) sea mode while 520 (441) preferred air.

TABLE 21

Mode # Itams Opt Cost Opt Tran Cost
Preferring M~ode

Germany Sea 190
i18403 6110

Germany Air 520

Vietnam Sea 269
33714 10031

Vietnam Air 441

Seeaingly, this vould indicaLe the preference of an all air mode over
an all sea policy. However, a strong relationship exists between this item's
failure rate and its preferred transport mode. Almost without exception,
the very low failure rate items prefer the air mode. These are the items
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4hich are most abundant but which account for only a small portion of total
cost. If an all air policy were imposed on all of the items, therefore, a
severe penalty would be incurred by the items with the higher failure rates.
On the other hand, if an all sea policy is imposed, the penalties incurred
by -zhe low failure rate items would be mild in comparison.

TABLE 22

Germany Sea Germany Air

SVietnam 180 89
SSea (25.35%) (121. 46%)

1Vietnam 0 432.

Air (1.41%) (60.78%)

Table 22 indicates the relationship between preferred modes by theater.
For example 180 or (25.35%) of the items prefer the sea mode for both theaters,
while 431 (60.78%) prefer the air mode to both theaters. O ily about 14% of
the items prefer different modes by theater.

"The primary difference between the theaters is their discrance from
CONUS. The European theater is approximately 4500 miles away, and Vietnam
theater is 8410 miles away. Notice that when a mix mode by theater is
preferred it is usually the Germany Air, Vietnam Sea mix. Thus, some items
which preferred the Vietnam sea mode rejected the Germany Sea mode in favor
of Germany Air. Sea transport costs do not depend as strongly on distance
as do air costs. At shorter distances the air mode becomes preferable. It
is not surprising the predominant shift to :ix modes should favor Germany
Air, Vietnam Sea. Nevertheless, the shift is not drastic. In fact, a strong
tendency towards the same mode is very evident. item characteristics appear
to be more important to the selection of the transport mode than do the
theater characteristics.

4.5 Military Essentiality Rankings

A report published by this office entitled "Military Essentiality Coding"
presents the results of a project which developed the military essentiality
codes for the parts of the rough terrain forklift. The concept of military
essentiality employed in that project was that "the military essentiality
of a repair part is areflection of the degree to which its failure, if and
when it occurs, affects the ability of the seapons system to perform its
intended mission". The military essentiality codes are a "syste-.atic way of
expressing the expected degree of degradation in weapon system performance
when the part fails." A ranking scheme was developee which placed the part
in a particular class depending upon the answers o&tained from quesztionnaires.
In the Army system today, items classified ctitical a;e stocked even though
the stockage may not be demand supported. Along with tore sophisticated
militery essentiality ranking schemes should .].so come more sophisticated
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stockage decision processes ekoloying the ezsentiality rankings. This section
eplains an attempt to use the multi-echelon model along with the e, .entiality
rankings to develop optimum stockage policies.

The concept of backorder cost frequently employed in stockage decisions
is closely related to the concept of military essentiality. A backorder cost
should reflect the loss suffered in the mission because of the backorder.
Since military essentiality of a part reflects the degree to which the
weapoA system can perform its mission upon failure of the part, the military
essentiality should be used to reflect the degree of the penalty cost applied
to a backorder. Because military essentiality is still only a concept and
not a prscisely defined property, we are free to introduce military essen-
tiality measure in the multi-echelon model as we please so long as it con-
forms with the concept of military essentiality. In the cost equation pre-
sented earlier, therefore, the backorder cost, C 0 was weighted by an essen-
tiality measure E. Accordingly, the measure E rmst be developed dependent
on its use in the model. But, the same reason which prevents the measurement
of backorder costs also hinders ths measurement of essentiality; mission
effectiveness itself has niot been suitably defined to allow the definition
of concepts related to it. The military essentiality project, however, went
no further than developing a ranking measure for essentiality. To use
essentiality, though, a scheme for developing a cardinal measure must be
found.

After a limited investigation, the only realistic approach uncovered
was to set target availabilities for each essentiality class and determine
the E values which yield these availabilities.

This app.oach seems appealing because it allows a relationship between
logistics performance and essentiality. Nevertheless, there are several
drawbacks. For one, the relationship between availability and essentiality
is established a priori by a decision maker on a purely subjective basis.
Ideally, this relationship should exist only a posteriozisince essentiality
is meant to be one of the input factors to the decision process, and logis-
tics performance the output. Another and equally serious fault of this
approach is that the price of the item is eliminated from the decision pro-
cess. Items which have identical characteristics except for price are,
therefore, stocked in the same amount.

On the other hand, this approach, since it is a systematic procedure,
would improve upon the decisiona as made today. Currently, items are
classified only critical or not critical by the Army. If a critical item
does not meet the demand support requirements one is stocked away. But if
it does meet the requirements, there is no difference in its stockage level
than the stockage levels as computed for non-critical item of the same
characteristics. The availability approach presented above is a definite
improvement over the current procedures. Moreover, a partial dollar saving
is introduced through the varying availability levels. Thus, while complete
satisfaction cannot be reported with the approach, it is, nevertheless, a
very definite improvement over the current methods.
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